ABSTRACT. We analyzed data from line-transect aerial surveys for marine mammals conducted in the eastern Chukchi Sea (67˚ -72˚ N, 157˚ -169˚ W) in July to October of 2009 -15 to investigate bowhead and gray whale distributions, behaviors, sighting rates, and habitat selection preferences, the last of which allowed direct comparison with results from data collected in this area in 1982 -91. Bowhead whales use the eastern Chukchi Sea primarily for migrating between the Beaufort Sea and the Bering Sea, while gray whales use the area to feed on locally abundant benthic amphipods and other prey. Bowhead whales were observed during all survey months and were distributed up to 300 km offshore west and southwest of Point Barrow, Alaska, but without a defined migratory corridor in either summer (July-August) or fall (September-October). Bowhead whale sighting rates (whales per km on effort) were highest in the shelf/trough (51 -200 m North) depth zone in the northeastern Chukchi Sea in both summer and fall. This pattern was reflected in habitat selection ratios, which found bowhead whales in summer and fall selecting primarily shelf/trough habitat in the northeastern Chukchi Sea, with shelf habitat (36 -50 m) being preferred secondarily. Gray whales were observed in all survey months and were distributed primarily within ~95 km of shore between Point Barrow and Icy Cape in the northeastern Chukchi Sea, and about 60 -115 km southwest of Point Hope in the southern Chukchi Sea. In both summer and fall, gray whale sighting rates and habitat selection ratios were highest in the shelf/trough (51 -200 m South) depth zone in the southern Chukchi Sea. In the northeastern part of the study area, gray whale sighting rates and habitat selection ratios both identified coastal habitat (≤ 35 m) as preferred habitat in summer and shelf/trough (51 -200 m North) as preferred habitat in fall. Distribution and habitat associations of bowhead and gray whales remained similar over the 34-year time span with one exception: gray whale preference for shelf/trough habitat in the southern Chukchi Sea is now evident throughout summer and fall, whereas three decades ago gray whale preference for that area was limited to fall only.
INTRODUCTION
Physical and biological changes over the past decade have given rise to a "new state" in the Pacific Arctic region (Wood et al., 2015) . One of the most visible changes has been the drastic reduction in summer sea ice extent and volume throughout the Arctic, which has intensified in the Chukchi and Beaufort Seas since 2000 (Frey et al., 2015) . This change has reduced or altered the habitat available for marine mammals dependent on sea ice for foraging and resting, which include ice seals (Laidre et al., 2008 (Laidre et al., , 2015 , walruses (Jay et al., 2012) , and polar bears (Derocher et al., 2004; Gleason and Rode, 2009; Rode et al., 2013) . The immediate impacts on cetaceans of sea ice loss and other changing environmental parameters associated with the "new" Arctic (Jeffries et al., 2013) may not be observable or may be less dramatic (Moore and Huntington, 2008; Kovacs et al., 2011) , and long-term impacts are unknown. Several large cetacean species occur seasonally in the Alaskan Arctic (Clarke et al., 2013a) , but only the bowhead whale (Balaena mysticetus) and gray whale (Eschrichtius robustus) routinely migrate in large numbers into the Chukchi Sea.
The spring migration of the Bering-Chukchi-Beaufort Sea stock of bowhead whales passes through nearshore leads in the ice between Point Hope and Point Barrow, Alaska, in the northeastern Chukchi Sea (Moore and Reeves, 1993) . Although bowhead whales have been documented in the Chukchi Sea throughout summer (Moore, 1992; Moore et al., 2010) , and were common there prior to commercial whaling (Bockstoce and Burns, 1993) , their presence in the Chukchi Sea in summer has been described as rare (Dahlheim et al., 1980; Miller et al., 1986; Hannay et al., 2013) . Most bowhead whales spend summer and early fall in the Beaufort Sea, feeding primarily on copepods and euphausids in areas of upwelling that occur annually near Cape Bathurst and Tuktoyaktuk Peninsula (Citta et al., 2015) and at several locations in the Alaskan Beaufort Sea . Bowhead whales migrate west across the Alaskan Beaufort Sea and northeastern Chukchi Sea in late summer and fall. Moore (2000) and Moore et al. (2000) described distribution and habitat use for the period 1982 -91. Additional information about bowhead whale fall migration comes from satellite tagging data (2006 -12 ; 54 whales tagged; Citta et al., 2015) and passive acoustic monitoring results (2007 -11; Delarue et al., 2009; Hannay et al., 2013) , which show that bowhead whales followed both a west-northwesterly route along the continental slope and a broad southwesterly route towards the Chukotka coast.
The Eastern North Pacific stock of gray whales migrates each year between winter breeding grounds near Baja California, Mexico, and summer feeding areas in the Bering and Chukchi Seas (Rugh et al., 1999) . Gray whales were commonly sighted in the northeastern Chukchi Sea in summer and fall during aerial surveys conducted from 1982 to 1991 . Recent evidence indicates that feeding gray whales may now be more common in the Chukchi Sea than in the Chirikov Basin in the northern Bering Sea, in part because amphipod biomass has decreased in the latter area (Moore et al., 2003; Coyle et al., 2007; Bluhm and Gradinger, 2008) . However, sightings of large groups of feeding gray whales in September 2014 suggest that gray whale occurrence in the Chirikov Basin may vary considerably from year to year.
Broad-scale aerial surveys, funded by the Minerals Management Service (MMS; now the Bureau of Ocean Energy Management, BOEM) were conducted from 1982 to 1991 in the northern Bering, eastern Chukchi, and western Beaufort Seas (Moore, 2000; Moore et al., 2000) . From 1992 to 2007, MMS-sponsored aerial surveys continued to be conducted in the western Beaufort Sea (e.g., Monnett and Treacy, 2005) , but few aerial surveys (e.g., Thomas et al., 2010) and no broad-scale surveys took place in the eastern Chukchi Sea. In 2008, MMS and the National Marine Fisheries Service (NMFS) reinstated aerial surveys in the eastern Chukchi Sea as part of the Aerial Surveys of Arctic Marine Mammals (ASAMM) project. ASAMM, like its precursors, is designed to document the distribution and relative abundance of marine mammals and monitor areas of importance for specific behaviors, such as calving, pupping, feeding, hauling out, and migrating. ASAMM surveys are of particular relevance because of renewed interest in oil and gas exploration and production in the northeastern Chukchi Sea (Minerals Management Service, 2008) , and they provide a unique opportunity to compare cetacean habitat use over a span of more than 30 years. Although ASAMM surveys extend into the western Beaufort Sea (e.g., Clarke et al., 2015) , this paper is limited to the eastern Chukchi Sea because that is the area where bowhead and gray whale distributions overlap.
We present information about bowhead and gray whale distributions, sighting rates, and habitat preferences from data collected during aerial surveys conducted in the eastern Chukchi Sea in summer and fall from 2009 to 2015. We also reanalyzed historical data collected during MMSsponsored aerial surveys conducted from 1982 to 1991, originally analyzed in Moore et al. (2000) , to directly compare depth zone and sea ice habitat selection over a three decade time span. Belugas, included in Moore et al. (2000) , were not included here because of the relative lack of sightings in the Chukchi Sea.
METHODS

-15 Survey Effort, Sighting Distributions, Sighting Rates, and Habitat Selection
The study area in the eastern Chukchi Sea extended from 67˚ N to 72˚ N and from 157˚ W to 169˚ W, an area totaling 155 500 km 2 that comprises the western portion of the ASAMM survey area (Fig. 1 ) and overlies most of the active leases from BOEM Lease Sale 193 (U.S. DOI, 2011) . This area provided the best comparison between recent (2009 -15) and historical (1982 -91) bowhead and gray whale data and generally coincides with the Chukchi Sea study area of Moore et al. (2000) although the latter extended to the Bering Strait, outside of the current ASAMM study area. Surveys were flown from July to October in Turbo Commanders (2009 -15) and de Havilland Twin Otters (2009). All survey aircraft were outfitted with bubble windows to permit detection of marine mammals directly under the aircraft. Line-transect aerial surveys were flown at 305 to 460 m altitude, maintaining a survey speed of approximately 220 km/h. Transects were spaced 19 km apart and oriented perpendicular to shore to sample across isobaths, prevailing currents, and expected gradients in marine mammal density. A new set of transects was generated for each year of the study, and within each year, selection of transects to be flown was based on getting the best representative coverage of the entire study area. A coastal transect between Point Barrow and Point Hope was also flown each year 1 km offshore and parallel to the coast.
The survey protocols described here for the 2009 -15 period were similar to those used in the historical surveys conducted from 1982 to 1991 (although see the Discussion for exceptions). Two primary observers, one on each side of the aircraft, maintained a continuous watch for marine mammals while a third observer/data recorder entered data into a computer for each sighting, whenever survey conditions changed, or every five minutes. Sightings made by primary observers on transect were considered on-effort because primary observers were always actively searching on transect and systematic transect coverage incorporated effort in all depth (and sea ice) habitats without bias toward or against areas with the highest likelihood of sightings. The aircraft made brief (< 10 minutes) diversions from transects to circle whale sightings to identify sightings to species, estimate group size, and search for calves. Subsequent sightings made during circling were also considered on-effort, and a continuously updated map display on an onboard laptop computer ensured that duplicate sightings were not recorded during circling. Transits between targeted survey areas or transects, or survey effort along transect lines when weather was too poor for visual observations, were recorded as off-effort. Sightings from nonprimary observers (e.g., data recorder, pilots) were not included in analyses.
Data routinely logged when whales were seen included time, altitude, latitude, longitude, sea state, sea ice type and percent cover, visibility conditions, species, declination angle (to determine distance from the transect line), number of whales, number of calves, and the whales' initial heading and behavior. Behavioral classifications included swim, dive, feed, mill, mate, rest, and several types of displays. Bowhead whale feeding was inferred when whales were observed diving repeatedly in a fixed area, with mud on the snout or streaming from the mouth, exhibiting synchronous diving and surfacing, swimming in echelon formation at the surface, or swimming at the surface with mouth open. Gray whale feeding was recorded whenever conspicuous mud plumes were observed streaming out of the mouths of surfacing gray whales, an indication of benthic feeding. Swimming direction, which may indicate migratory behavior, was calculated using headings of bowhead and gray whales that were recorded during swimming behavior to yield a mean vector heading and circular standard deviation per season, using Oriana statistical software (Rayleigh Test; KCS, 2012) . Sea state was classified according to the Beaufort scale (Maloney, 2006) , and ice cover was estimated as a percentage of the sea surface visible to observers. Data were not collected when Beaufort Sea State was greater than 5 or ceilings were less than 305 m. Additional details of survey protocol are provided elsewhere (e.g., .
Sighting rates (whales per km on effort) were calculated for each depth zone to examine monthly relative densities of bowhead and gray whales. Total on-effort distance (transect and circling-on-transect kilometers) per depth zone was calculated by clipping the transect lines to polygons defined by isobaths, using ESRI ArcGIS version 10.1. Sighting rates can be considered a measure of relative density because they were not corrected for availability or perception bias (Buckland, 2001 ); absolute density cannot be calculated at this time because trackline detection probability for these surveys is unknown. All on-effort sightings from primary observers were used in analyses regardless of sea state, sea ice cover, or other environmental variables because these variables have not been shown to affect bowhead or gray whale detection probabilities on ASAMM surveys .
Depth zones followed Moore et al. (2000) as closely as possible, and correspond to broad patterns of Pacific water masses in the Chukchi Sea (Weingartner et al., 2005 Shelf/trough was divided into North and South because this depth zone was not contiguous and incorporated distinct ecosystems . Depth zone isobaths were digitally derived and based on depth data in the International Bathymetric Chart of the Arctic Ocean (IBCAO) Version 2.23 (Jakobsson et al., 2008) , which had a pixel resolution of 2 km.
Calculation of habitat selection ratios also followed Moore et al. (2000) . Microsoft Excel CHITEST was used to calculate chi-squared goodness-of-fit statistics (Manly et al., 2002) to determine whether whale distribution was proportional to survey effort for each depth zone in summer (July-August) and fall (September-October) seasons, using the numbers of observed and expected on-effort whales, where observed is the number of whales observed per depth zone and expected is the number of whales per depth zone if whale distribution were uniform. Habitat selection ratios (w i ) provide indices of habitat selection comparable between species and seasons (see Moore et al., 2000; Manly et al., 2002) . These ratios were calculated as:
where o i = proportion of whales observed in depth zone i, and π i = proportion of effort (km) in depth zone i (π i was identified as pEi in Moore et al., 2000) . If w i is greater than 1, the proportion of whales in depth zone i is greater than expected given the proportion of effort in depth zone i. If w i is less than 1, the proportion of whales in depth zone i is less than expected given the proportion of effort in depth zone i. The probability that a randomly selected whale would be in depth zone i if there were equal survey effort across all depth zones could be computed by standardizing the selection ratios, assuming that individual whales were independently distributed. However, feeding whales tend to be aggregated into groups and cow-calf pairs are found in close association with each other, so the assumption of independence does not hold. Therefore, we did not compute standardized habitat selection ratios. Habitat selection ratios were calculated using the package "adehabitatHS" (version 0.3.9; Calenge, 2006 Calenge, , 2011 of software R (version 3.2.3; R Core Team, 2015) . Comparison, 1982 -91 and 2009 -15 To compare habitat selection by bowhead and gray whales observed in the eastern Chukchi Sea in 1982 -91 with that observed in 2009 -15, we used a subset of data selected to ensure that as many variables as possible were equivalent between the two time periods. Direct comparison of bowhead and gray whale sighting rates from 1982 to 1991 and 2009 to 2015 is not possible because of differences in survey platform and data collection protocols, which likely affect detection probabilities, and which are detailed in the Discussion. Bowhead and gray whale sighting rates from 1982 to 1991 were not reanalyzed. However, habitat selection ratios using whales and effort on transect from 1982 -91 and 2009 -15 allow for determination of habitat preferences within each time period and comparison of these preferences between time periods. Data from 1982 -91 were reanalyzed using number of whales rather than number of sightings to better incorporate multianimal groups, including cow-calf pairs and feeding groups, and depth zones were based on the same digitally derived depth contours described above. Geographic, temporal, and depth zone parameters remained the same as described above. However, circling effort and primary observers were not recorded in the 1982 -91 Chukchi Sea data. Therefore, for the habitat selection comparison between historical and recent data, effort in both 1982 -91 and 2009 -15 was limited to transect effort only, and sightings from all observers were used to determine the number of whales. Sea ice habitat selection in 1982 -91 and 2009 -15 was also compared, using the same sea ice categories as in Moore et al. (2000) : open water/light (0% -10%), light/moderate (11% -40%), moderate/heavy (41% -70%), and heavy (71% -100%). Total on-effort distance (transect kilometers) was calculated by summing the total effort per sea ice category using ESRI ArcGIS version 10.1.
Habitat Selection
RESULTS
-15 Survey Effort, Sighting Distribution, and Sighting Rates
More than 177 000 km were flown on-effort in the eastern Chukchi Sea from 2009 to 2015 (Fig. 1) , with variation among years and months (Table 1, Fig. 2 ). Annual survey effort was greatest in 2012 (> 30 000 km), when two dedicated aircraft were conducting surveys in early July (Fig. 2) . Monthly effort across all years was highest in September (> 54 000 km total; average = 7831 km per year) and lowest in October, when survey conditions in the Chukchi Sea often deteriorated (< 32 000 km; average = 4485 km per year). Nearly half (46%) of total effort was in the continental shelf (36 -50 m) depth zone (Table 1, Fig. 1 ), although this percentage was smaller than expected on the basis of relative area, assuming survey coverage was uniform throughout the study area.
There were 415 on-effort sightings of 566 bowhead whales in the eastern Chukchi Sea in 2009 -15 (Table 1) . Bowhead whales were seen during all survey months, with the greatest number of sightings and total whales in September (Table 1 , Fig. 3B ). There were relatively few sightings in July and August, despite more than 90 000 km of effort. Locations of July sightings ranged from just west of Point Barrow to north and east of Cape Lisburne, while the distribution of the few bowhead whales observed in August was similar to that observed in fall months (Fig. 3A) . In September and October, sightings were broadly distributed throughout the study area; distance from shore ranged from less than 1 km to 293 km. Sighting rates were comparatively low in July and August, rose to 10 times as high in September, and were highest in October (Table 1) . Sighting rate was highest in the shelf/trough North (51 -200 m) depth zone in both summer and fall (Table 1) . Bowhead whales were rarely seen south of 70˚ N (5 sightings of 5 whales), despite substantial effort.
Additional information about bowhead whale use of the eastern Chukchi Sea was obtained from the swim direction, behavior, and sea ice data. Most (74%) bowhead whales were recorded as engaged in directional swimming, with a significant clustering around a mean heading of 266˚ True bearing in fall (Rayleigh Z = 7.542, p < 0.0001); swimming direction was not significantly clustered around a mean heading in summer. Feeding behavior was rarely recorded (8 sightings of 25 whales); whales were noted as feeding in July of and September of 2009 , 2012 . Most feeding observations were relatively near shore (< 30 km) between Point Barrow and Icy Cape; one pair of feeding bowhead whales was seen approximately 90 km northwest of Point Franklin in September 2015. Bowhead whales were seen in up to 80% broken floe sea ice, although most whales (96%) were seen in the icefree conditions that were prevalent in late summer and fall in the study area.
There were 1124 on-effort sightings of 1926 gray whales in the eastern Chukchi Sea in 2009 -15 (Table 1) . Gray whales were seen during all survey months (Fig. 4) , with the greatest number of sightings and total whales in July (Table 1) . Gray whales were seen predominantly near shore (< 45 km), with aggregations observed south and west of Barrow Canyon in the northeastern Chukchi Sea and offshore (up to 110 km) in Hope Valley in the southern Chukchi Sea (Fig. 4) . Because gray whales were found in these two distinct high-density regions at the northernmost and southernmost ranges in the study area, further discussion about gray whale sighting rates and habitat selection ratios will refer to the northeastern and southern Chukchi sea areas separately. Gray whales were seen south of Hanna Shoal (west of Barrow Canyon) primarily in late summer and early fall. Few gray whales were seen offshore elsewhere in the Chukchi Sea. In July and August, gray whales were observed nearshore along the entire length of the eastern Chukchi coastline from Point Hope to Point Barrow, although areas of greatest sighting concentrations were offshore in Hope Valley and in the area between Icy Cape and Point Barrow (Fig. 4A) . In September and October, relatively few gray whales were seen in shallow coastal waters except between Point Franklin and Point Barrow (Fig. 4B ). Sighting rate was highest in July, decreased in August, and decreased significantly in September and October (Table 1) . The highest sighting rate in summer was in the shelf/trough (51 -200 m South) depth zone in the southern Chukchi Sea and the coastal/shoal (≤ 35 m) depth zone in the northeastern Chukchi Sea, while the highest sighting rates in fall were in the shelf/trough (51 -200 m North and South) depth zones in both the southern and northeastern Chukchi Sea (Table 1 ). In the northeastern Chukchi Sea, sighting rates were highest in the coastal/shoal (≤ 35 m) depth zone only in July; in all other months, sighting rates were higher in shelf and shelf/trough (≥ 35 m) depth zones (Table 1) . Gray whale swim direction was not significantly clustered around any heading in either summer or fall. Most gray whales were recorded as feeding (64%), and feeding was observed in all survey months. Gray whales were seen in up to 80% broken floe ice, although most whales (83%) were seen in the ice-free conditions that were present in late summer and throughout fall in the study area. Most (90%) of the gray whales observed near sea ice were seen in July, when sea ice was still present in nearshore areas; gray whales were not observed near sea ice in offshore areas. The behavior of gray whales most often observed near sea ice was also feeding (63%).
-15 Summer Habitat Selection
Neither bowhead nor gray whales were distributed uniformly with respect to depth in summer (Table 2) , although relatively few bowhead whales were seen (n = 49) so statistical significance of habitat selection is difficult to assess. Bowhead whales in summer preferred shelf/trough habitat (51 -200 m North; w i = 1.960) in the northeastern Chukchi Sea, with zero sightings in shelf/trough habitat in the southern Chukchi Sea and minimal preference for coastal/shoal (≤ 35 m depth) habitat (w i = 0.675; Table 3 ). Gray whales in summer overwhelmingly preferred shelf/trough in the southern Chukchi Sea (51 -200 m South; w i = 5.316); in the northeastern Chukchi Sea, gray whales were more likely to use the coastal/shoal depth zone (≤ 35 m; w i = 1.215) ( Table 3) .
Comparison of selection ratios between species indicated that bowhead whales selected deeper water habitat in the northeastern Chukchi Sea (51 -200 m North) twice as often as gray whales, although caution should be taken interpreting these results because of the small number of bowhead whales seen in summer.
-15 Fall Habitat Selection
Neither bowhead nor gray whales were distributed uniformly with respect to depth in fall (Table 2) . Habitat selection ratios (w i ) showed that in fall, bowhead whales were more likely to be seen in shelf/trough (51 -200 m North) habitat in the northeastern Chukchi Sea than in any other depth zone (Table 3) . Bowhead whales used shelf/trough habitat (w i = 3.035) in the northeastern Chukchi Sea more than three times as frequently as continental shelf habitat (36 -50 m; w i = 0.851), and they almost never used coastal/shoal habitat (≤ 35 m; w i = 0.208) or shelf/trough habitat in the southern Chukchi Sea (51 -200 m South; w i = 0.087) ( Table 3) . Gray whale habitat preference in fall remained overwhelmingly for shelf/trough habitat in the southern Chukchi Sea (51 -200 m South; w i = 15.087), and gray whales were least likely to use coastal/shoal habitat (≤ 35 m; w i = 0.245).
Bowhead whales used deeper water habitat in the northeastern Chukchi Sea (51 -200 m North) three times as often as gray whales in fall. Habitat selection of shallower water habitats (≤ 35 m and 36 -50 m) was similar in the two species (Table 3) .
Comparison of Habitat Selection in 1982 -91 and 2009 -15
Primary habitat preference results remained largely the same in the reanalyzed 1982 -91 data for both species and in both seasons (Table 4) , as reported in Moore et al. (2000) .
Bowhead whales were not observed in summer 1982 -91. In the results from reanalyzed data for summer 2009 -15, bowheads in the northeastern Chukchi Sea showed the same strong preference for shelf/trough (51 -200 m North) as reported above (w i = 2.250; Table 5 of a "new normal" Arctic ecosystem (Jeffries et al., 2013; Wood et al., 2015) . Our intent with this paper was to summarize bowhead and gray whale data obtained from the eastern Chukchi Sea since the onset of the "new normal," and replicate the analyses originally conducted by Moore et al. (2000) of large whale habitat preference to investigate changes over a greater than 30-year time span.
Caveats Concerning Data Collection, 1982 -15
Aerial survey protocols used to collect bowhead and gray whale data in 2009 -15 closely replicated those used during 1982 -91, and consistent methods were used in the habitat selection analyses conducted here for both time periods. However, differences in technologies, survey platforms, effort, and environmental conditions between the two time periods that could affect interpretation of results are worth mentioning.
• First, while methods and protocols for cetacean data collection and analysis remained similar, accuracy and precision of field data improved dramatically because of technological advances over three decades. For example, portable GPS systems using satellite data interfaced directly into laptop computers on the survey aircraft allowed for more accurate determination of tracklines and sighting locations in 2009 -15 than was possible with the dead reckoning-based Global Navigation System used from 1982 to 1991. Furthermore, with powerful laptop computers and specialized software, far greater quantities of field data (e.g., sighting, environmental, position) could be collected in 2009 -15. These innovations provided more flexibility in data collection, including the ability to record individual circling events precisely and accurately and subsequently to distinguish circling effort and sightings from those on transect, which was not possible during 1982 -91.
• Second, the International Bathymetric Chart of the Arctic Ocean dataset used for the current depth zone analysis allowed for more precise and accurate delineation of depth zones than the coarser bathymetric blocks used by Moore et al. (2000) . One result was the placement of Hanna Shoal in the continental shelf (36 -50 m depth) zone in the current analysis of data from both time periods, rather than in the coastal/shoal (≤ 35 m depth) zone.
• Third, there were differences in the temporal and spatial extents of data collected in 1982 -91 and 2009 -15. The current study area represents part of the study area analyzed by Moore et al. (2000) and was selected as the focus of this paper to investigate potentially overlapping habitat use by bowhead and gray whales. Additionally, because of BOEM's commitment to fund broad-scale marine mammal aerial surveys throughout the entire open water season in the eastern Chukchi Sea, total (Tables 5 and 6 ).
• Fourth, although there was significant interannual variability, sea ice remained in the northeastern Chukchi Sea in most years from 1982 to 1991 and could be used as a variable for habitat selection (Moore, 2000; Moore et al., 2000) . Arctic sea ice extent has declined sharply since 1953 (e.g., Stroeve et al., 2007; Kwok and Rothrock, 2009; Kwok and Untersteiner, 2011) , with record minima in summer sea ice extent recorded in 2007 and again in 2012 (Wood et al., 2015) . Sea ice was largely absent from the eastern Chukchi Sea study area after early to midAugust each year from 2009 to 2015 (Clarke et al., , 2013b , so the only truly meaningful habitat variable included in this analysis, particularly for fall, was depth. Sea ice, or the lack thereof, also has the potential to affect aerial survey effort because the absence of sea ice generally leads to higher sea states in windy conditions, and higher sea states reduce detection probabilities. ASAMM survey protocol dictated that surveys not be conducted in sea states greater than Beaufort 5, and transects that could not be surveyed initially because of high sea states were surveyed as soon as lower sea states allowed. These circumstances likely occurred more often in 2009 -15 than in 1982 -91, when sea ice often remained in the study area.
• Last but certainly not least, perhaps the biggest difference between data collected in the two time periods was the survey platform. Although a few of the surveys conducted from 1982 to 1991 were flown in a de Havilland Twin Otter (Moore and Clarke, 1991) , most of the data collected by Moore et al. (2000) were obtained using a Grumman Goose, an aircraft lacking bubble windows that maintained a survey speed about 80 km/ hr faster than the survey speed used in 2009 -15. The faster speed means that transects were surveyed more quickly, and the lack of bubble windows means that detections of sightings directly under the aircraft were not possible from 1982 to 1991. These factors likely contributed to lower sighting probabilities in 1982 -91 than in 2009 -15. Indeed, Ferguson and Clarke (2013) determined that detectability of bowhead and gray whales differed slightly even between Twin Otters and Aero Commanders, both aircraft that were outfitted with bubble windows and conducted surveys at similar survey Distributed uniformly across all depths with some preference for shelf/trough; least selection for shelf (see Table 9 ).
Strong association with coastal/shoal habitat; least selection for shelf (see Table 7 ).
Very strong association with shelf/trough; least selection for shelf (see Table 13 ).
No sightings.
Strongest association with heavy ice habitat (> 70%) (see Table 11 ).
Strongly associated with open water/light ice habitat (≤ 10%).
Strongly associated with open water/light ice habitat (≤ 10%).
-91 Reanalysis 2
See Table 5 .
Strongest association with shelf/trough in northeastern Chukchi Sea; least selection for coastal/shoal.
Strongest association with coastal/shoal habitat; least selection for shelf/trough in northeastern Chukchi Sea; no selection for shelf/trough in southern Chukchi Sea.
Very strong association with shelf/trough in southern Chukchi Sea; least selection for shelf/trough in northeastern Chukchi Sea.
See Table 6 .
Strongest association with heavy ice habitat (> 70%).
Strongly associated with open water/light ice habitat (≤ 10%).
-15
2 See Table 5 .
Strongest association with shelf/trough in northeastern Chukchi Sea; least selection for coastal/shoal; no selection for shelf/ trough in southern Chukchi Sea.
Strongest association with shelf/trough in southern Chukchi Sea; least selection for shelf/trough in northeastern Chukchi Sea and shelf.
Very strong association with shelf/trough in southern Chukchi Sea; least selection for coastal/shoal.
Strongest association with moderately heavy (41% -70%) ice cover.
Only sighted in open water/light ice habitat (≤ 10%).
Strongly associated with open water/light ice habitat (≤ 10%).
Only sighted in open water/light ice cover (≤ 10%). Moore et al. (2000) . 2 Data from this study.
speeds. As noted in Ferguson and Clarke (2013) , a similar analysis using data collected using the Grumman Goose would be difficult to undertake because crucial data (specifically, differentiation of sightings from primary vs. secondary observers) were not collected at that time.
Collectively, the differences in data collection and sampling protocols and platforms between 1982 -91 and 2009 -15 preclude direct comparison of sighting rates and underscore the importance of using habitat selection ratios from within each time period to allow for comparisons across time. Nevertheless, intriguing questions remain regarding the differences in the number of bowhead and gray whales observed in each time period.
Lingering Questions about Whale Numbers
More bowhead whales were seen in summer and fall 2009 -15 (42 and 328, respectively) (Table 5) , which might be expected considering the greater effort in the more recent time period. However, the number of gray whales observed in fall 2009 -15 (n = 217) was less than the number observed in fall 1982 -91 (n = 326) (Table 5) , despite greater total survey effort and survey platform effects that likely increased detection probability. Annual variability in gray whale density in the eastern Chukchi Sea is likely related to several factors that are largely unknown in any given year, including the proportion of the Eastern North Pacific (ENP) gray whale population that migrates into the eastern Chukchi Sea, the timing of the onset of southbound migration, foraging opportunities, age, sex, and overall population size. ASAMM data provide limited information about the timing of the southbound migration and some information on benthic foraging opportunities from the conspicuous mud plumes associated with this type of feeding. However, without the ability to identify and track the movements of individual gray whales that migrate to the eastern Chukchi Sea study area, we cannot estimate what proportion of the population is found in the study area each (Laake et al., 2012) . The most current ENP estimate (20 990; CV = 0.050) is from the census conducted in 2010 -11 (Durban et al., in press ). Given the uncertainty in historical and recent abundance estimates, and the lack of abundance estimates after 2011, there is insufficient information to determine how ENP population sizes compare between the earlier and later survey periods.
Distribution and Behavior
Bowhead whales remain relatively uncommon in the eastern Chukchi Sea in summer. They were never observed in the northeastern Chukchi Sea in summer 1982 -91 , and although bowhead whales were seen in summer months each year from 2009 to 2015, they were few in number. Moore (1992) also noted the scarcity of bowhead whales in summer from sources other than the MMS-sponsored marine mammal aerial surveys: the summary of records of incidental bowhead whale sightings from vessel, shore, and aerial platforms (other than the 1982 -91 study reanalyzed here) in the northeastern Chukchi Sea from 1975 to 1991 identified only three sightings west of Point Barrow in June or July. Summer observations of bowhead whales in the northeastern Chukchi Sea near Point Franklin were recorded in July 2003 , and a few bowhead whales were seen during oil industry -sponsored aerial surveys near the northwestern Alaskan coast in July 2006 (four whales) and 2008 (four whales) (Thomas et al., 2010) . Few bowhead whales were seen during vessel-based visual surveys in the northeastern Chukchi Sea in -10 (Aerts et al., 2013 , and relatively few bowhead whale calls were recorded in summer during year-round passive acoustic studies conducted from 2007 to 2011 (Hannay et al., 2013) . The relative scarcity of bowhead whales observed in the northeastern Chukchi Sea in summer is likely due to better foraging opportunities elsewhere, specifically in the Beaufort Sea. Feeding areas in the Canadian Beaufort Sea are well documented (Harwood et al., 2010; Citta et al., 2015) , but bowhead whales, many observed feeding, were also seen regularly in the western Beaufort Sea in summer 2012 -14 . The scarcity of bowhead whale sightings in the Chukchi Sea in summer may also be due to boundaries of the 2009 -15 ASAMM study area. The two satellite-tagged TABLE 6. Comparison of seasonal sea ice cover selection ratios (w i ) for bowhead whales and gray whales, 1982-91 and 2009-15 . π i represents the proportion of survey effort per ice cover category, o i is the proportion of whales observed in each ice cover category, and w i = o i / π i . Tr km = transect kilometers; # observed = number of whales observed. Total Tr km numbers differ slightly from those in Table 5 because a different method for summarizing effort was used.
-91:
Bowhead whales Gray whales bowhead whales that made round trips between Amundsen Gulf and an area northwest of Barrow in summer 2009 were well north of the ASAMM study area during the time they spent in the Chukchi Sea (Quakenbush et al., 2010) . Bowhead whales observed in the northeastern Chukchi Sea during summer may be late migrants to, or early returnees from, summer feeding areas in the Beaufort Sea. Conversely, some of the bowhead whales observed in summer in the northeastern Chukchi Sea may not undergo a complete spring migration to the eastern Beaufort Sea, similar to gray whales that do not undergo a complete annual migration between the Arctic and Mexico (Calambokidis et al., 2002; Moore et al., 2007; Rugh et al., 2008) . Bowhead whale distribution and swim direction (266˚ True bearing) in fall 2009 -15, when sighting rates were 12 times as great as in summer 2009 -15, implied a broad west-southwest migration direction across the northeastern Chukchi Sea (as suggested in Moore and Clarke, 1990) , particularly in October. Bowhead whales satellite-tagged in 2006 -10 (Quakenbush et al., 2010 ) also showed a west-southwest fall migration, in addition to a more northwesterly route for whales presumably heading towards Wrangel Island and the northern Chukotka coast. Fall migration can also be inferred from acoustic data collected via hydrophones deployed at several locations offshore from Point Lay, Alaska, to Point Barrow, which detected bowhead whale calls several hundred kilometers west of Barrow and Wainwright in September and October (Hannay et al., 2013) and as late as December (Delarue et al., 2009) . Core-use areas designated on the basis of bowhead whale satellite-tag data collected from 2006 to 2012 were not defined for any region in the eastern Chukchi Sea, indicating that bowhead whales are mainly migrating in that area in fall (Citta et al., 2015) . Similarly, Kuletz et al. (2015) identified bowhead whale hotspots in the western Beaufort Sea but not in the eastern Chukchi Sea on the basis of ASAMM summer and fall sighting data from 2007 to 2012.
Gray whales remained ubiquitous in the eastern Chukchi Sea throughout summer and fall. Sighting rates in 2009 -15 decreased from July through October in most of the study area, reflecting the migration timing of gray whales in northern Alaskan waters (Rugh et al., 2001) . Sighting rates in the Hope Valley remained almost unchanged between summer and fall 2009 -15, indicating that gray whales remained resident longer in that area or were replaced by whales that had migrated from other areas. This temporal pattern was similar to that observed from 1982 to 1987 and during surveys sponsored by the oil industry in 2006 -08 (Thomas et al., 2010) . Feeding remained the predominant behavior recorded for gray whales in 2009 -15, despite the fact that it was likely underreported because non-benthic feeding is difficult to detect from aerial surveys. The relative lack of gray whales on Hanna Shoal in 2009 -15 may reflect changes in benthic prey assemblages due to loss of seasonal ice that are not yet well understood . Gray whales were observed on Hanna Shoal in fall in the late 1980s during a small proportion of survey flights in that area (Moore and Clarke, 1992) .
The highest gray whale sighting rates in summer and fall 2009 -15 were in the Hope Valley in the southern Chukchi Sea. Gray whales were seen there in fall 1982 -91, but not in summer of those years . Incidental records of historical gray whale occurrence, summarized in Clarke et al. (1989) , indicate that the southern Chukchi Sea likely has been important gray whale habitat from late summer through fall for several decades, although most historical records were from west of the International Dateline near the Chukotka Peninsula. The complete lack of gray whale observations in the southern Chukchi Sea in summer 1982 -91 may be due to the scarcity of survey effort in that area (Table 5 ; 2.3% of total effort in shelf/trough South). In summer 2009 -15, when gray whale sighting rates were significantly higher than elsewhere in the eastern Chukchi Sea, the percentage of total survey effort in that same depth zone was lower ( 
Habitat Partitioning
Habitat partitioning described by depth preference between bowhead and gray whales was noted in Moore et al. (2000) for data collected in 1982 -91 and remained evident in 2009 -15, albeit in different ways. In summer 2009 -15, both species were most strongly associated with shelf/trough habitats but in different areas. Bowhead whales preferred shelf/trough (including Barrow Canyon) in the northeastern Chukchi Sea and gray whales preferred shelf/trough (including Hope Valley) in the southern Chukchi Sea (Table 3) . Both species showed some selection of other habitats, indicating habitat overlap, especially in summer. Habitat partitioning between the two species continued in fall 2009 -15, with highest selection for the same respective shelf/trough areas as in summer. In fall, bowhead whales were three times as likely as gray whales to be found in shelf/trough habitat in the northeastern Chukchi Sea (Table 5) . Bowhead whales showed no preference for shelf/trough in the southern Chukchi Sea, although that was likely due to the timing of the aerial surveys. Satellitetagged bowhead whales traversed the Hope Valley area, but not until November and December (Quakenbush et al., 2010) after ASAMM aerial surveys had ended. Coastal/ shoal habitat was least preferred by both species in fall 2009 -15. Fall sighting distributions ( Fig. 3B and 4B ) also indicate some shared use of shelf habitat.
Analysis of habitat selection preferences within each time period, 1982 -91 and 2009 -15 , allowed for comparisons over time. Bowhead whales consistently preferred shelf/trough habitat in the northeastern Chukchi Sea in fall over a 34-year span (Table 5 ) despite the changing physical and biological environment. Gray whale primary depth habitat association in fall also remained the same over the 34 years, with selection overwhelmingly for shelf/trough in the southern Chukchi Sea. In the northeastern Chukchi Sea in fall, a shift occurred in gray whale preference from coastal/ shoal in 1982 -91 to shelf/trough in 2009 -15. Brower et al. (in press) , using sighting data from ASAMM and benthic sampling data collected during the BOEM-sponsored COMIDA CAB project from 2009 to 2012 (Schonberg et al., 2014) , showed that infaunal amphipod abundance and biomass closely mirrored areas of highest gray whale abundance, with greatest abundance of both over shelf/trough depths south and west of Barrow Canyon. The gray whale foraging area described by Brower et al. (in press ) is located along a hydrographic front formed where Alaska Coastal Water meets Bering Sea/Anadyr Water, an area of high productivity that fluctuates depending on factors including seasonal sea ice extent, sea water temperature, and water mass structure (Grebmeier et al., 2006; Weingartner et al., 2013) . The lack of sea ice in this area in fall 2009 -15 may have improved primary production, and subsequently benthic biomass, in deeper offshore waters compared to coastal waters.
The most pronounced difference in depth preference between 1982 -91 and 2009 -15 was for gray whales in summer, when habitat preference shifted from coastal/shoal in 1982 -91 to shelf/trough (Hope Valley) in the southern Chukchi Sea in 2009 -15. The limited survey effort in the southern Chukchi Sea in 1982 -91, discussed above, may have played a role, but it is also possible that the complete lack of gray whale observations in Hope Valley in summer 1982 -91 indicates that the area was not the benthic hotspot that it is now (Kuletz et al., 2015) . Decadal distributions of sediment community oxygen consumption, an indicator of carbon supply to the benthos, and infaunal benthic biomass in the Pacific Arctic region illustrate the changes that have occurred in the Chukchi Sea since the 1970s (Grebmeier, 2012) . The benthic infaunal community in the Hope Valley, which has increased in biomass over several decades (see Grebmeier, 2012: Fig. 4 ), is currently dominated by bivalves, polychaetes, and amphipods, the latter of which are preferred prey of gray whales .
Effects of Sea Ice Loss on Aerial Survey Data
Sea ice conditions in summer and fall in the Chukchi Sea study area have changed markedly in the last three decades. Moore (2000) identified three years of heavy ice cover (1983, 1988, 1991) and four years of moderate ice cover (1982, 1984, 1985, 1987) (Table 6) , with 80% of total effort in summer and 98% of total effort in fall occurring in ice-free or light ice (≤ 10% ice cover) conditions. The lack of sea ice lessens the significance of the sea ice habitat preference analysis for 2009 -15, particularly in fall, when all bowhead and gray whales were observed in light ice. In summer 2009 -15, bowhead whales showed greater preference for moderately heavy ice conditions, while gray whales preferred light ice conditions. Bowhead whale distribution extended farther north (Fig. 3A) , where receding summer sea ice lingers later in the year, than gray whale distribution (Fig. 4A) . It is unknown whether gray whales selected southerly habitats because of the heavier ice concentrations to the north, or if other factors, such as better foraging opportunities, limited their latitudinal distribution.
Sea ice cover likely has minimal impact on bowhead whale movements because bowhead whales are ice-adapted and have been documented in areas of heavy sea ice cover (George et al., 1989; Quakenbush et al., 2010; . However, sea ice cover does affect primary and secondary productivity (Arrigo et al., 2008; Arrigo and van Dijken, 2015) , and it is likely that the significant reduction in summer sea ice cover evident in the Chukchi Sea each year since 2000 (Frey et al., 2015) has affected primary and secondary productivity and influenced prey advection (Moore and Laidre, 2006; Grebmeier et al., 2015) . These changes may result in opportunities for bowhead whale feeding during the fall migration that were not available 30 years ago. The northeastern Chukchi Sea has never been identified as a prime feeding area for bowhead whales, and relatively few whales were recorded as feeding from 2009 to 2015. However, bowhead whales are known to feed immediately east of the study area on dense aggregations of krill that are advected from the Bering Sea into the Chukchi Sea via the Alaskan Coastal Current (Ashjian et al., 2010) and Bering Sea/Anadyr Water (Berline et al., 2008) . The transport of krill varies with changes in atmospheric conditions, and bowhead whales in the northeastern Chukchi Sea may forage opportunistically on krill during this transport when oceanographic conditions produce optimal foraging opportunities.
As mentioned previously, the lack of sea ice has the potential to negatively or positively affect detection probabilities during aerial surveys because sea states increase more readily in windy conditions when sea ice is not present, and it is generally more difficult to detect whales in high sea states. Alternatively, the presence of sea ice could interfere with the process of detecting whales because sea ice introduces false targets into a marine mammal observer's viewing field. Limiting survey effort to areas in which sea state was Beaufort Sea State 5 or less mitigates the first issue for bowhead and gray whales. In MMS-sponsored aerial surveys conducted on a Twin Otter (primarily in the Beaufort Sea) from 1989 to 2008, there were sufficient sightings in more than 10% sea ice cover to evaluate sea ice effect on detection probabilities for bowhead whales and belugas; sea ice cover had no measureable effect on the detection probability for bowhead whales, but sea ice cover greater than 10% decreased the detection probability for belugas . In ASAMM surveys conducted from 2009 to 2012, there were an insufficient number of bowhead and gray whale sightings made when sea ice covered more than 10% of the viewing area to evaluate its effects on detection probability. In any case, directly comparing sighting rates between historical surveys conducted on a Grumman Goose and recent surveys conducted on Twin Otters or Turbo Commanders is not advisable because of previously mentioned differences in survey platforms that affect detection probabilities.
Management Implications
The eastern Chukchi Sea encompasses active offshore oil and gas lease areas secured during the Chukchi Sea Outer Continental Shelf (OCS) Oil and Gas Lease Sale 193 held in February 2008. Exploration activities, including seismic, geohazard, and geotechnical surveys, occurred in 2009 -15, and exploratory drilling was conducted in 2012 and 2015. The Department of the Interior recently completed a second supplemental environmental impact statement for Lease Sale 193, and the record of decision reaffirmed a 25-mile coastal buffer withdrawal extending from Point Barrow to Point Hope and a deferral corridor along the coastward edge of the Chukchi Sea Planning Area, and added a subsistence withdrawal in the Barrow Canyon area (U.S. DOI, 2015) . The shelf/trough habitats preferred by bowhead and gray whales in the northeastern and southern Chukchi Sea in summer and fall are almost entirely outside of the current Lease Sale 193 deferral areas. Deferral areas also do not preclude support activities, including vessel shuttles and helicopter overflights, from occurring in habitat used by bowhead and gray whales in summer and fall. In addition to oil and gas activities, annual vessel activity includes container and other cargo vessels, community resupply, tugs, tankers, research, adventure or ecological tourism, and military operations, which are expected to increase substantially in the next decade (Azzara et al., 2015) . Most of these activities occur within 50 km of shore in the eastern Chukchi Sea, overlapping with bowhead and gray whale habitat throughout summer and fall. As bowhead and gray whales encounter increasing levels of anthropogenic activity, changes in cetacean habitat preference, distribution, and relative density may be expected.
CONCLUSIONS
The eastern Chukchi Sea remains important habitat for bowhead and gray whales. From 2009 to 2015, gray whales were more abundant in summer and bowhead whales more abundant in fall in the northeastern Chukchi Sea; gray whales were most abundant in the Hope Valley area of the southern Chukchi Sea in both seasons. In areas where distributions overlapped, behavioral observations indicated that each species used the habitat for different purposes. Gray whales were feeding throughout summer and fall, whereas bowhead whales were migrating, primarily in fall. Despite the drastic changes in physical and biological environment, habitat preference based on depth zone in the eastern Chukchi Sea remained very similar between 1982 -91 and 2009 -15 for bowhead and gray whales in fall; however, gray whales no longer prefer coastal/shoal habitat in summer as they did in 1982 -91. Bowhead and gray whales both demonstrated strongest preference for shelf/trough habitat in summer and fall, albeit in different regions of the eastern Chukchi Sea: bowhead whales in the northeastern Chukchi Sea and gray whales in the southern Chukchi Sea. Data collected via the ASAMM project, combined with information from other research efforts including physical, chemical, and biological sampling, satellite tagging, and passive acoustic monitoring, will continue to improve our understanding of the temporal and spatial nature of bowhead and gray whale distribution, density, and habitat association patterns in the eastern Chukchi Sea, including the impacts of climate change and anthropogenic activities. Suydam, and one anonymous reviewer. Numerous observers, pilots, mechanics, programmers, and other staff deserve our unmitigated appreciation for conducting surveys safely and effectively, collecting high-quality data, and carrying out numerous analyses. We also thank the North Slope Borough Department of Wildlife Management and National Weather Service personnel in Barrow for their continued assistance and the villages of Barrow and Kotzebue for their hospitality during the field seasons. The findings and conclusions in the paper are those of the authors and do not necessarily represent the views of the National Marine Fisheries Service. Reference to trade names does not imply endorsement by the National Marine Fisheries Service, NOAA.
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